Study Design. A kinematic study of cervical spine. Objective. The aim of the study was to confirm the interesting manifestation observed in the dynamic images of the cervical spine movement from full-extension to full-flexion. To further explore the fine motion of total process of cervical spine movement with the new concept of Cobb angular velocity (CAV). Summary of Background Data. Traditionally range of motion (ROM) is used to describe the cervical spine movement from extension to flexion. It is performed with only end position radiographs. However, these radiographs fail to explain how the elaborate movement happens. Methods. The dynamic images of the cervical spine movement from full-extension to full-flexion of 12 asymptomatic subjects were collected. After transforming these dynamic images to static lateral radiographs, we overlapped C7 cervical vertebrae of each subject and divided the total process of cervical spine movement into five equal partitions. Finally, CAV values from C2/3 to C6/7 were measured and analyzed. Results. A broken line graph was created based on the data of CAV values. A simple motion process was observed in C2/3 and C3/4 segments. The motion processes of C4/5 and C5/6 segments exhibited a more complex track of ''N'' and ''W'' than the other segments. The peak CAV values of C4/5 and C5/6 were significantly greater than the other segments. From C2/3 to C6/7, the peak CAV value appeared in sequence. Conclusion. The intervertebral movements of cervical spine did not take a uniform motion form when the cervical spine moved from full-extension to full-flexion. From C2/3 to C6/7, the peak CAV value appeared in order. The C4/5 and C5/6 segments exhibited more complex kinematic characteristics in sagittal movement. This leads to C4/5 and C5/6 more vulnerable to injury and degeneration. We had a hypothesis that there was a positive correlation between injury/degeneration and complexity of intervertebral movement in the view of CAV.
T he essential function of the cervical spine is to assist and control the motion of the neck and head. Many spine surgeons believe that there will be corresponding clinical symptoms when the kinematics of the cervical spine goes abnormally. A number of researchers have provided data in favor of the hypothesis that abnormal conditions in intervertebral motion provide the significant diagnostic information in the evaluation of patients complaining neck pain and other related cervical sicknesses. [1] [2] [3] [4] [5] [6] [7] [8] As of now, spine surgeon pay the most attention to the sagittal direction movement of cervical spine.
According to the orientation of the intervertebral joints, the predominant movement of the segments below C2 is flexion/extension. [9] [10] [11] The static lateral radiographs that are collected at full-extension and full-flexion positions have traditionally been used to evaluate the cervical spine kinematics. [12] [13] [14] The first objective of this study is to define a new concept of Cobb angular velocity (CAV) measured from the dynamic images of asymptomatic subjects. The second objective is to further explore the total process of cervical spine movement from C2 to C7 with CAV. In addition, we had a hypothesis that there was a positive correlation between injury/degeneration and complexity of intervertebral movement in the view of CAV.
MATERIALS AND METHODS

Acquisition of the Dynamic Images of Cervical Spine
The study design was approved by the Ethics Committee of the Shanghai Changzheng Hospital. Inclusion criteria: skeletally mature male, age 25 to 30 years. Exclusion criteria: neck pain, cervical congenital disorder, ossification of ligament, trauma, infection, tumor, deformity, inflammation, degenerative disk disease, instability, surgery, and other related cervical spine disease. A total of 12 skeletally mature male subjects (average age, 27.0 AE 0.8 years) were recruited in this research.
A newly designed robotic DSA system (Artis_one XA 82008; Siemens Medical Solution, Germany) was installed to get the dynamic images of the cervical spine movement from full-extension to full-flexion. Subjects were fixed in the C-arm of the DSA system with their hands grasping the rear legs of the chair to help themselves pull down the shoulders and keep stable. They were informed to achieve the movement of cervical spine from full-extension to full-flexion when the DSA system was working to capture the continuous images. A series of continuous images (CI) of each cervical spine segment were collected.
Images Processing
The continuous images collected from the DSA system were transferred into a separate eFilm Workstation software (v.4.0, Merge Healthcare) and processed into static lateral radiographs. The centroid point as the geometric centre of C7 was marked in the static lateral radiograph and the midpoint of C2 inferior endplate was also marked by the Photoshop CS4 (v 11.0, Adobe). Then, we overlapped the C7 cervical vertebral in all static lateral radiographs of each subject to get the dynamic images of the cervical spine movement from full-extension to full-flexion.
Cobb Angular Velocity
Cobb angular velocity (CAV) as a revolving angle changing rate was defined as difference of Cobb angle between adjacent vertebrae in each equal part of total motion from full-extension to full-flexion. When the wedge of adjacent vertebral endplate angle opened anteriorly, the Cobb angle was counted positive (þ); on the contrary, the Cobb angle was counted negative (À) when the wedge of adjacent vertebral endplate angle opened posteriorly.
CAV(a/n) was used to illustrate a specific CAV value when cervical spine moved from full-extension to full-flexion. ''n'' meant the total process was divided into n equal partitions. ''a/n'' was a location parameter used to indicate a particular location of the ''n'' equal partitions of the total motion process. There were n CAV values of each segment. ''a'' can be any natural number existing in the interval between 1 and n, that is, 1 a n. In addition, the total process of cervical spine movement was defined as 100%. ''a/n'' was used to explain the specific percentage of the ''n'' equal partitions (Figure 1 ).
Dividing the Total Motion into Five Equal Partitions
In our study, the centroid point of each C7 was marked as ''O,'' and the midpoints of C2 inferior endplate in the end positions were marked as ''A'' and ''F'' separately. After overlapping all C7 cervical vertebrae of lateral radiographs, two lines were drawn through the point ''O,'' ''A,'' and ''O,'' ''F,'' respectively. The angle between the two lines (ffAOF) was measured and recorded as a8. Then we divided the ffAOF into five equal partitions and got ffAOB ¼ ffBOC ¼ ffCOD ¼ ffDOE ¼ ffEOF ¼ 0.2a8. The points ''B,'' ''C,'' ''D,'' and ''E'' were the midpoints of C2 inferior endplate in corresponding lateral radiographs ( Figure 2 ).
Altogether, six radiographs were selected to represent the total process of the cervical spine movement from fullextension to full-flexion. Then the Cobb angle of each segment from C2/3 to C6/7 was measured. The CAV and 
Statistical Analysis
To correct the intra-observer and interobserver reliability, two experienced spine surgeons were assigned to measure the Cobb angle independently. The ROM from C2 to C7 and the CAV values were presented as the mean AE standard deviation (SD). Randomized block design analysis of variance (ANOVA) was used to evaluate the differences of ROM values among various segments from C2/3 to C6/7. Repeated measurement design analysis of variance (ANOVA) was used to evaluate the CAV values of different segments from C2/3 to C6/7 in the five equal parts of the total process of cervical spine movement from full-extension to full-flexion. Statistical significance was set at P < 0.05. All statistical tests were performed by IBM SPSS Statistics software (v21.0, IBM).
RESULTS
In extension position, the cervical spinous processes got close together. During the movement from full-extension to fullflexion, the spinous processes separated in orderly progression from C2-C7 and in a nonsmooth fan-like pattern.
Data from Table 1 were the average ROM values in different segments of cervical spine. The greatest extension-flexion motion occurred in C5/6 segment and the least in C2/3.
Data from Table 2 were the average CAV values in the five equal partitions of the total motion process of cervical spine from full-extension to full-flexion. There were significant differences of the CAV values among the different segments from C2/3 to C6/7 in 1/5, 2/5, 3/5, 4/5, and 5/5 partitions in the total process of cervical spine movement (C2/3, F ¼ 6.707, P ¼ 0.003; C3/4, F ¼ 10.081, P ¼ 0.003; C4/5, F ¼ 26.462, P < 0.001; C5/6, F ¼ 15.562, P < 0.001; C6/7, F ¼ 44.812, P < 0.001). A broken line graph (Figure 3 ) was created based on the data in Table 2 . We found that different segments had its own unique kinematic characteristics during the flexion.
A simple changing law was exhibited in C2/3 and C3/4 segments. The peak CAV values of C2/3 and C3/4 were observed in the initial 1/5 phase of flexion motion. With the movement of cervical spine going on, the CAV decreased 
DISCUSSION
Previous studies concerning the cervical spine sagittal movement like the range of motion (ROM) and the instantaneous centre of rotation (ICR) 15 are performed with only fullextension and full-flexion lateral radiographs. However, the end position radiographs cannot represent the fine motion of the total process of cervical spine movement from full-extension to full-flexion. Therefore, in order to further explain how the fine motion of the total process of cervical spine movement happened, a more accurate description method of the cervical spine movement needs to be put forward.
Since first described by John Cobb in 1948, 16 the Cobb angle has become daily routing for spine surgeon to make a therapeutic strategy. To further explore the elaborate movement of adjacent cervical vertebrae from C2/3 to C6/7, the Cobb angular velocity (CAV) was defined according to dynamic images. In this study, the average CAV values were measured at each 20% of the total process during the fullextension to full-flexion. An interesting phenomenon was observed when we played all the dynamic images in eFilm Workstation. The average CAV values of different segments got their peak at different equal partitions. C2/3 and C3/4 segments got their peak values in the 1/5 phase of flexion; C4/ 5 segment got its peak value in the 2/5 phase; C5/6 segment in the 3/5 phase; and C6/7 segment in 5/5. This phenomenon showed that the intervertebral angle changing rate during flexion of cervical spine in different segments was not uniform. The peak CAV value appeared first in the upper cervical spine and then appeared in order down the spine (Figure 4) . The C2/3 and C3/4 segments showed the largest CAV of intervertebral movement when the cervical spine moved to 1/5 of the total process from full-extension to full-flexion. With the movement going on, the velocity ran progressively slowly and reached the minimum CAV at last. Consequently, the broken line graphs of C2/3 and C3/4 were unilateral downward. The C6/7 segment showed a bit more complex intervertebral movement pattern. When the flexion movement of cervical spine started, the CAV decreased transitorily, and then the CAV value of C6/7 increased unilaterally and formed a ''checkmark'' track in the broken line graph. On the contrary, compared with C2/3, C3/4 and C6/7, C4/5 and C5/6 segments exhibited a very complex intervertebral movement pattern. The broken line graphs of C4/5 and C5/6 CAV values exhibited a track of ''N'' and ''W.'' In addition, the peak CAV values of C4/5 and C5/6 were significantly greater than the other segments.
Some researchers had found that the annulus in different cervical intervertebral disc exhibited different material properties. Young's modulus as an elastic physical quantity could indicate the annulus' material properties on resistance to deformity. Smaller Young's modulus implied the easier deformation. The maximum Young's modulus of the cervical annulus was in the C2/3 segment, and then the values reduced gradually in the order of C3/4, C6/7, and C4/5. The minimum value was in the C5/6 segment, especially in the anterior region and the posterior region of the annulus. 17, 18 These conclusions were consistent with the results in the complexity of intervertebral movement in our study. Consequently, the complexity of the movement in different segments was negatively correlated with Young's modulus of the cervical annulus.
Previous studies had shown that C4/5 and C5/6 were the most predominantly injured cervical spine levels. 19 -21 Hence, we believe that the more complex kinematic characteristics, the larger ROM and the higher CAV peak values made the C4/5 and C5/6 more vulnerable to injury. Moreover, cervical spine disc degeneration was reported most common in C5/6.
22 -24 Therefore, we had a hypothesis that there was a positive correlation between injury/degeneration and complexity of intervertebral movement.
In summary, the intervertebral movement of different cervical vertebrae does not take a uniform motion when the cervical spine moves from full-extension to full-flexion. Compared with other segments, the C4/5 and C5/6 exhibited more complex kinematic characteristics in sagittal orientation in the view of CAV. This leads to C4/5 and C5/6 more vulnerable to injury and degeneration.
CONCLUSION
When cervical spine moves from full-extension to full-flexion, the various segments do not take a uniform motion. From C2/3 to C6/7, the peak CAV value appeared in order. Compared with other segments, the C4/5 and C5/6 exhibited more complex kinematic characteristics in sagittal orientation in the view of CAV. This leads to C4/5 and C5/6 more vulnerable to injury and degeneration.
Key Points
Define a new concept of Cobb angular velocity (CAV) to further explore the fine motion of total process of cervical spine movement. The intervertebral movements of various cervical segments did not take a uniform motion when cervical spine moved from full-extension to fullflexion. The C4/5 and C5/6 segments exhibited more complex kinematic characteristics in sagittal orientation in the view of CAV. We had a hypothesis that there was a positive correlation between injury/degeneration and complexity of the intervertebral movement in the view of CAV.
